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Here,  we  report  the  synthesis  and  characterization  of  organo-soluble  chiral  thiol-monolayer-protected  gold 
nanorods.  The  resulting  gold  nanorods  respectively  covered  with  two  opposite  enantiomers  via  the  strong  covalent 
Au-S  linkage  were  found  to  not  only  be  stable  in  both  organic  media  and  solid  state,  but  also  show  optical  activity. 
Their  circular  dichroism  (CD)  spectra  exhibited  a  mirror  image  relationship,  indicating  that  enantiomeric  thiol 
surfactant  on  gold  surface  can  produce  the  corresponding  enantiomeric  gold  nanorods.  The  densely  packed  azobenzene 
thiol  monolayer  on  gold  surface  exhibited  a  photo  responsive  behavior  upon  irradiation  with  254  nm  light  instead  of  365  nm 
light,  which  was  found  to  have  an  effect  on  plasmonic  absorption  of  gold  nanorods. 


Introduction 

The  interplay  between  metal  nanoparticle  and  chirality  is 
challenging  as  well  as  fascinating  for  creating  novel  functional 
materials.1-8  Among  all  the  metal  nanoparticles,  gold  nanorods 
would  hold  a  particular  promise  for  many  applications  in 
optics,9-12  sensor,13-16  imaging,17-19  and  anticancer  agents20-22 
due  to  their  unique  shape-dependent  optical  properties.  So  far,  gold 
nanorods  have  been  mainly  prepared  in  an  aqueous  solution  by 
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a  seed-mediated  growth  method,23-29  in  which  cetyltrimethyl- 
ammonium  bromide  (CTAB)  is  normally  used  as  a  shape-directing 
surfactant.  The  resulting  gold  nanorod  coated  with  dynamic 
CTAB  layer  is  water-soluble  but  not  stable.  Compared  with  the 
hydrophilic  gold  nanorods,  hydrophobic  thiol-monolayer- 
protected  gold  nanorods  possess  advantages  of  superior  stability, 
low  interfacial  energy,  and  good  compatibility  with  organic  media 
such  as  liquid  crystals  and  polymers.  This  allows  for  a  high  degree 
of  control  during  solution  and  surface  processing  as  well  as 
functionality.  Interestingly,  the  seemingly  trivial  exchanging  of 
CTAB  with  hydrophobic  organic  thiol  molecules  to  obtain 
hydrophobic  thiol-monolayer-protected  gold  nanorods  was 
found  to  be  difficult  since  the  hydrophilic  densely  packed  CTAB 
bilayer  on  its  longitudinal  side  obstructs  hydrophobic  thiol 
molecules  from  accessing  the  gold  surface  to  bind  to  the  gold 
through  a  strong  covalent  Au— S  linkage.30,31 

It  is  known  that  gold  nanoparticles  may  be  chiral  (i.e.,  show 
optical  activity)  if  (a)  the  gold  nanoparticle  itself  is  chiral,32  (b)  the 
gold  core  is  achiral,  but  the  surfactants  are  bound  onto  gold 
surface  in  a  chiral  pattern,33,34  or  (c)  the  gold  core  itself  and  the 
binding  pattern  are  achiral,  but  the  surfactant  is  chiral.35  How¬ 
ever,  it  appears  to  date  that  the  induced  chirality  (i.e.,  optical 
activity)  in  hydrophobic  chiral  thiol  monolayer-protected  gold 
nanorods  has  not  been  examined.  Without  doubt,  the  synthesis  of 
optically  active  hybrid  gold  nanorods  and  understanding  of  their 
interaction  would  open  the  door  to  many  applications  particu¬ 
larly  in  negative  index  materials.36 
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Figure  1.  Chemical  structures  of  axially  chiral  thiol  surfactants 
(*)-(+)- 1  and  (5)-(-)-l. 


Figure  2.  Synthesis  of  (R)-(+)-l.  Conditions:  (a)  NaN02,  aq.  HC1, 
0  °C,  then  phenol,  NaOH,  0  °C;  (b)  CH3COSK,  acetone,  room 
temperature;  (c)  1 1 -bromo-undecanol,  PPh3,  diisopropyl  azodicar- 
boxylate,  THF,  reflux;  (d)  K2C03,  KI,  acetone,  reflux;  (e)  tetra- 
butylammonium  cyanide,  CHCl3-MeOH,  room  temperature. 

Here,  we  report  the  synthesis  and  characterization  of  organo- 
soluble  chiral  thiol-monolayer-protected  gold  nanorods  (Figure  1). 
The  resulting  gold  nanorods  respectively  covered  with  two 
opposite  enantiomers  via  the  Au-S  linkage  were  found  to  not 
only  be  stable  in  both  organic  media  and  solid  state,  but  also  show 
optical  activity. 

Experimental  Section 

Synthesis  of  the  Chiral  Thiol  Surfactants  (/?)-(+)-l  and 
(*S)-(— )-l.  The  new  axially  chiral  azo  thiol  surfactant  (R)-(+)-l 
was  synthesized  starting  from  (R)-(+)-l,L-bi-(2-naphthol) 
(Figure  2).  Its  enantiomer  (£)-(—)- 1  was  prepared  by  the  same 
procedures  with  (*S)-(— )-l,l/-bi-(2-naphthol).  Their  structures 
were  identified  by  !H  NMR,  13C  NMR,  FT-IR,  high-resolution 
MS,  and  elemental  analysis  (see  Supporting  Information). 

Data  for  (R)-(+)-l.  lU  NMR:  d  0.84-1.84  (m,  71H), 
2.46-2.57  (m,  2H),  3.87-4.05  (m,  8H),  6.96-7.41  (m,  12H), 
7.81-7.93  (m,  8H).  13C  NMR:  14.11,  22.68,  24.63,  25.59,  26.00, 
28.36, 29.05, 29.13, 29.21,  29.38,  29.48, 29.71,  31.92,  34.02,  68.29, 
69.76,  114.63,  115.86,  120.73,  123.34,  124.28,  125.49,  125.96, 
127.73,  128.98,  129.23,  134.21,  146.94,  154.53,  161.65.  IR  (KBr) 
rmax  (cm-1):  2922,  2853,  1601,  1460,  1248,  1149.  Elemental 
analysis  calcd  for  C72H102N2O4S:  C,  79.22;  H,  9.42;  N,  2.57;  S, 
2.94.  Found:  C,  78.94;  H,  9.70;  N,  2.83;  S,  2.94.  HRMS  (M+H) 


calcd  for  C72H102N2O4SH  1091.7638;  found  1091.7713.  (M+Na) 
calcd  for  C72H102N2O4SNa  1113.7458,  found  1113.7415. 

Data  for  (£)-(-)- 1.  lH  NMR:  d  0.84-1.84  (m,  71H), 
2.44-2.55  (m,  2H),  3.87-4.05  (m,  8H),  6.95-7.40  (m,  12H), 
7.81-7.92  (m,  8H).  13C  NMR:  14.11,  22.68,  24.63,  25.59,  26.00, 
28.36,  29.05, 29.10, 29.13, 29.20, 29.37, 29.48, 29.71,  31.92,  34.02, 
68.28,  69.75,  114.63,  115.86,  120.72,  123.34,  124.28,  125.49, 
125.97,  127.73,  128.98,  129.23,  134.21,  146.93,  154.53,  161.14. 
HRMS  (M+H)  calcd  for  C72H102N2O4SH:  1091.7638;  found 
1091.7713.  (M+Na)  calcd  for  C72H102N2O4SNa  1113.7458, 
found  1113.7472. 

Preparation  of  CTAB  Bilayer  Coated  Gold  Nanorods. 

The  CTAB  bilayer  coated  gold  nanorods  were  freshly  prepared  by 
the  seed-mediated  growth  method.27  For  seed  preparation,  spe¬ 
cifically,  0.50  mL  of  an  aqueous  0.01  M  solution  of  HAuC14  was 
added  to  1 5  mL  of  a  0. 1 0  M  CTAB  solution  in  a  vial.  The  solutions 
were  gently  mixed  by  the  inversion.  The  solution  appeared  a 
bright  brown-yellow  color.  Then,  1.20  mL  of  an  aqueous  0.01  M 
ice-cold  NaBH4  solution  was  added  all  at  once,  followed  by  rapid 
inversion  mixing  for  2  min.  Care  should  be  taken  to  allow  the 
escape  of  evolved  gas  during  mixing.  The  solution  developed  a 
pale  brown-yellow  color.  Then,  the  vial  was  kept  in  a  water  bath 
maintained  at  25  °C  for  future  use.  This  seed  solution  was  used  2  h 
after  its  preparation  and  could  be  used  over  a  period  of  1  week. 

4.75  mL  of  0. 1  M  CTAB  solution  in  water  was  added  to  a  tube, 
then  0.20  mL  of  0.01  M  solution  of  HAuC14  and  0.03  mL  of 
0.01  M  AgN03  were  added  in  this  order  and  mixed  by  inversion. 
Then,  0.03  mL  of  0.1  M  of  ascorbic  acid  solution  was  added  and 
the  resulting  mixture  at  this  stage  becomes  colorless.  0.01  mL  of 
the  seed  solution  was  added  to  the  above  mixture  tube,  and  the 
tube  was  slowly  mixed  for  10  s  and  left  to  sit  still  in  the  water  bath 
at  25—30  °C  for  3  h.  The  final  solution  turned  purple  within 
minutes  after  the  tube  was  left  undisturbed. 

Synthesis  of  Organo-Soluble  Thiol-Monolayer-Protected 
Gold  Nanorods.  The  solution  of  CTAB  coated  gold  nanorods 
was  centrifuged  several  times  to  remove  the  excessive  CTAB  and 
other  solution  components  and  redispersed  in  2  mL  of  water. 
Then,  this  aqueous  solution  of  gold  nanorods  was  added  dropwise 
to  a  solution  of  the  thiol  surfactant  (100  mg)  in  50  mL  of  dry  THF 
with  stirring  under  the  protection  of  nitrogen.  The  color  of  the 
reaction  mixture  is  purple.  The  reaction  mixture  was  continued  to 
stir  at  room  temperature  for  3  days.  The  mixture  was  evaporated 
to  dryness  under  reduced  pressure.  CH2C12  was  added  to  dissolve 
the  nanorods  followed  by  centrifuging  several  times  to  remove 
excess  thiol  and  CTAB  (at  12000  rpm,  16  min).  The  resulting  gold 
nanorods  were  redispersed  in  CH2C12  with  addition  of  excess  thiol 
surfactant  and  stirred  for  another  24  h  and  centrifuged.  This 
procedure  was  repeated  three  times  to  ensure  that  the  gold  nanorods 
were  encapsulated  with  the  thiol  molecules  over  the  entire  surface 
through  the  strong  covalent  Au— S  linkage.  The  as-prepared  chiral 
hybrid  gold  nanorods  were  centrifuged  and  washed  with  CH2C12 
several  times  until  there  was  no  UV,  IR,  or  CD  absorption  in  the  top 
layer  solution,  i.e.,  there  is  no  free  thiol  in  the  thiol-monolayer- 
protected  gold  nanorods.  The  thiol-monolayer-protected  gold  nano¬ 
rods  are  very  stable  in  both  organic  media  and  the  solid  state. 

I2  Induced  Decomposition  of  Hybrid  Gold  Nanorods.  In  a 
typical  procedure,  ca.  10  mg  hybrid  gold  nanorods  were  dissolved 
in  CDC13  and  the  !H  NMR  spectrum  was  collected.  Then,  1  mg 
iodine  was  added  to  this  solution  and  followed  by  stirring  at  room 
temperature  for  3  h.  The  decomposition  process  could  be  mon¬ 
itored  by  a  change  in  solution  color  from  dark  brown  to  clear 
purple.  After  removal  of  bulk  gold  by  centrifuging,  the  top  layer 
clear  solution  was  evaporated  and  the  XH  NMR  spectrum  was 
collected  for  comparison  with  the  spectrum  before  decomposition. 

Results  and  Discussion 

The  CTAB  bilayer  coated  gold  nanorods  were  prepared  by  the 
seed-mediated  growth  method  in  deionized  water.27  After  re¬ 
moval  of  most  CTAB  by  centrifuging,  the  water-soluble  gold 
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Figure  3.  Left:  Schematic  representation  of  chiral  thiol  (R)-(+)-l  monolayer-protected  gold  nanorod.  Middle:  TEM  image  of  (R)-(+)-l  thiol 
monolayer-protected  gold  nanorods.  Right:  Photograph  of  CTAB  bilayer  coated  gold  nanorods  (left)  and  (R)-(+)-l  thiol  monolayer- 
protected  gold  nanorods  (right)  (top  layer,  water;  bottom  layer,  CH2C12). 


Figure  4.  UY— vis-NIR  spectra  of  CTAB  bilayer  coated  gold 
nanorods  (blue)  and  (R)-(+)-l  thiol-monolayer-protected  gold 
nanorods  (pink). 

nanorods  were  treated  with  thiol  surfactant  in  THF  at  room 
temperature  for  3  days  followed  by  centrifuging  and  further 
exchange  with  thiol  for  24  h.  After  this  process  was  repeated 
3  times,  the  chiral  thiol-monolayer-protected  gold  nanorods  were 
centrifuged  and  washed  with  CH2C12  several  times  until  there  was 
no  UV,  IR,  or  CD  absorption  in  the  top  layer  solution,  i.e.,  there 
is  no  free  thiol  in  the  thiol-monolayer-protected  gold  nanorods. 
The  resulting  thiol-monolayer-protected  gold  nanorods  remained 
stable  in  CH2C12  without  any  aggregation  even  after  several 
months,  and  they  can  be  easily  redispersed  in  CH2C12  after 
removal  of  solvents.  Nonaggregated  gold  nanorods  in  organic 
solvent  were  evidenced  by  transmission  electron  microscopy  (TEM) 
observation  (Figure  3  middle)  with  the  average  size  50  nm  x  17 
nm  and  aspect  ratio  3:1  approximately.  As  expected,  they  are  very 
soluble  in  organic  solvents. 

UV— vis-NIR  spectra  of  CTAB  bilayer  coated  and  thiol- 
monolayer-protected  gold  nanorods  (Figure  4)  exhibited  the 
two  characteristic  plasmon  bands  of  gold  nanorods:  a  strong 
longitudinal  band  in  the  near-infrared  region  corresponding  to 
the  electron  oscillation  along  the  long  axis  and  a  weak  transverse 
band,  similar  to  that  of  gold  nanospheres,  in  the  visible  region 
corresponding  to  electron  oscillations  along  the  short  axis.  The 
slightly  red-shifted  spectrum  of  thiol-monolayer-protected  gold 
nanorods  compared  with  CTAB  coated  rods  can  possibly  be  due 
to  size  selection  in  the  centrifugation  steps  or  a  change  in  the 
resonance  due  to  the  different  dielectric  properties  of  the  thiol 
protecting  layer.  Infrared  (IR)  spectrum  of  the  thiol-monolayer- 
protected  gold  nanorods  exhibited  the  characteristic  ether  linkage 
at  1240  cm-1,  which  is  similar  to  that  of  free  thiol  surfactant 
(Figure  5).  This  further  confirms  the  binding  of  the  thiol  surfac¬ 
tants  to  the  gold  surface. 

Figure  6  shows  the  Raman  spectrum,  showing  a  characteristic 
Au-Br  band  at  180  cm-1  and  CH2  band  at  760  cm-1  for  CTAB 


(37)  Nikoobakht,  B.;  Wang,  J.;  El-Sayed,  M.  A.  Chem.  Phvs.  Lett.  2002,  366, 
17-23. 

(38)  Oyelere,  A.  K.;  Chen,  P.  C.;  Huang,  X.;  El-Sayed,  I.  H.;  El-Sayed,  M.  A. 
Bioconiuzate  Chem.  2007, 18,  1490-1497. 


Figure  5.  IR  spectra  of  free  thiol  surfactant  (R)-(+)-l  (blue)  and 
its  thiol-monolayer-protected  gold  nanorods  (red). 


Figure  6.  Raman  spectra  of  the  CTAB  bilayer  coated  gold  nanorods 
(blue)  and  (R)-(+)-l  thiol  monolayer-protected  gold  nanorods  (red). 

bilayer  coated  gold  nanorods.37,38  As  expected,  the  characteristic 
Au— Br  band  disappeared  in  the  Raman  spectrum  of  the  thiol- 
monolayer-protected  gold  nanorods,  accompanied  with  the 
appearance  of  new  Raman  peaks  especially  the  Au-S  bond 
around  260  cm-1.39  This  provides  clear  evidence  that  no  CTAB 
remained  in  the  thiol-monolayer-protected  gold  nanorods,  and  the 
thiol  molecules  had  been  successfully  bound  onto  the  gold  surface. 

Interestingly,  compared  to  the  lK  NMR  spectrum  of  the  free 
thiol  surfactant,  many  peaks  of  the  thiol-monolayer-protected 
gold  nanorods  disappeared  except  some  broaden  peaks  at  high 
field  (Figure  7,  top),  which  is  different  from  the  previously 
reported  significant  peak  broadening  phenomenon  in  NMR 
of  the  thiol  monolayer-protected  spherical  gold  nanoparticles.40-43 
The  significant  peak  broadening  phenomenon  in  lK  NMR  of 
monolayer-protected  gold  nanoparticles  might  result  from  three 
main  causes:  (a)  the  tight  packing  of  protons  close  to  the  Au  core 
causes  rapid  spin— spin  relaxation  from  dipolar  interactions; 


(39)  Huang,  X.;  Neretina,  S.;  El-Sayed,  M.  A.  Adv.  Mater.  2009, 21, 4880-4910. 

(40)  Donkers,  R.  L.;  Lee,  D.;  Murray,  R.  W.  Lanzmuir  2004,  20,  1945-1952. 

(41)  Hostetler,  M.  J.;  Wingate,  J.  E.;  Zhong,  C.-J.;  Harris,  J.  E.;  Vachet,  R.  W.; 
Clark,  M.  R.;  Londono,  J.  D.;  Green,  S.  J.;  Stokes,  J.  J.;  Wignall,  G.  D.;  Glish, 
G.  L.;  Porter,  M.  D.;  Evans,  N.  D.;  Murray,  R.  W.  Lanzmuir  1998, 14,  17-30. 

(42)  Badia,  A.;  Lennox,  R.  B.;  Reven,  L.  Acc.  Chem.  Res.  2000,  33,  475-481. 

(43)  Song,  Y.;  Harper,  A.  S.;  Murray,  R.  W.  Lanzmuir  2005,  21,  5492-5500. 
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Figure  7.  *H  NMR  of  (R)-(+)-l  monolayer-protected  gold  nanorods  (top),  the  hybrid  gold  nanorods  after  I2  induced  decomposition 
(middle),  and  the  free  thiol  surfactant  (R)-(+)-l  (bottom). 


Figure  8.  Left:  CD  spectra  of  chiral  thiol  (R)-(+)-l  (pink)  and  (S)-(— )-l  (green)  in  CH2C12..  Right:  CD  spectra  of  (R)-(+)-l  monolayer- 
protected  gold  nanorods  (pink)  and  (S)-(— )- 1  monolayer-protected  gold  nanorods  (green)  in  CH2C12. 


(b)  there  are  different  binding  sites  on  the  Au  core  surface  and  the 
chemical  shift  differences  also  vary  with  core  size  and  structure; 

(c)  the  size-dependent  rotation  diffusion  of  the  clusters  leads  to  size- 
dependent  spin- spin  relaxation  broadening,  which  means  the 
peak  is  getting  broad  with  the  increase  in  size.  The  gold  nanorods 
studied  here  have  relatively  large  size,  and  surfactants  on  their 
surface  are  more  densely  packed  and  solid-like  (especially  on  the 
longitudinal  side  of  gold  nanorods  where  the  surfactants  are 
packed  like  self-assembled  monolayers)  and  thereby  experienced 
much  faster  spin- spin  relaxation  compared  with  those  of  gold 
nanoparticles;  as  a  result,  the  peak  became  much  broader  and 
nearly  flat.  The  upheld  peaks  are  related  to  the  relatively  mobile 
alkyl  chain  ends  of  the  surfactant.  To  further  check  this  point,  we 
used  the  iodine  decomposition  method44  to  decompose  thiol- 
monolayer-protected  gold  nanorods.  After  the  removal  of  bulk 
gold,  the  top  layer  organic  solution  was  evaporated  and  its  JH 
NMR  data  collected  (Figure  7,  middle).  As  expected,  most  of 
the  disappeared  peaks  reappeared,  similar  to  that  of  free  thiol 


(44)  Templeton,  A.  C.;  Hostetler,  M.  J.;  Kraft,  C.  T.;  Murray,  R.  W.  J.  Am. 
Chem.  Soc.  1998, 120,  1906-1911. 


(Figure  6,  bottom).  The  'H  NMR  data  also  confirmed  that  the 
thiol  surfactant  was  bound  onto  the  gold  surface  through  the 
successful  exchange  with  the  surface-coated  CTAB  moieties. 

The  optical  activity  of  (R)-(+)-l  thiol  monolayer-protected 
gold  nanorods  and  (S)-(— )-l  thiol  monolayer-protected  gold 
nanorods  were  characterized  by  CD  spectra  shown  in  Figure  8 
(right).  Their  CD  spectra  exhibited  a  mirror  image  relationship 
with  a  strong  sharp  peak  at  about  240  nm  which  means  that  an 
enantiomeric  thiol  surfactant  on  gold  surface  can  produce  the 
corresponding  enantiomeric  gold  nanorods.  However,  no  CD 
signal  was  observed  in  not  only  their  top  clear  solution  after 
centrifuging,  but  also  the  water-soluble  CTAB  bilayer  coated 
gold  nanorods.  This  clearly  indicated  that  both  (R)-(+)-l  thiol- 
monolayer-protected  gold  nanorods  and  (£)-(—)- 1  thiol-monolayer- 
protected  gold  nanorods  are  optically  active.  Interestingly,  their 
CD  spectra  are  quite  similar  to  the  spectra  of  free  thiol  surfactant 
(Figure  8,  left).  It  might  be  attributed  to  the  fact  that  the  induced 
optical  activity  in  gold  nanoparticles  originating  from  the  vicinal 
effect  was  size-dependent 4,34  i.e.,  a  decrease  in  induced  optical 
activity  with  an  increase  in  cluster  size.  Since  the  gold  nano¬ 
rods  have  much  larger  size  than  spherical  gold  nanoparticles 
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Figure  9.  UY— vis  (left)  and  CD  (right)  spectra  of  thiol  (R)-(+)-l  solution  in  CH2C12  upon  UY  irradiation  at  365  nm  for  0  s  (blue),  10  s  (pink), 
20  s  (green),  and  30  s  (red). 


Figure  10.  UV— vis-NIR  (left)  and  CD  (right)  spectra  of  (R)-(+)-l  monolayer-protected  gold  nanorods  under  UV  irradiation  at  254  nm  for  0  min 
(blue),  5  min  (pink),  10  min  (yellow),  15  min  (green),  and  20  min  (red). 


Figure  11.  UV— vis  (left)  and  CD  (right)  spectra  of  (R)-(+)-l  under  UV  irradiation  at  254  nm  for  0  min  (blue),  5  min  (pink),  10  min  (yellow), 
15  min  (green),  and  20  min  (red). 


(diameter  <  ~3  nm),  obviously  the  vicinal  effect  is  less  possible. 
Furthermore,  the  chiral  moiety  of  the  thiol  surfactants  is  far  away 
from  the  surface  of  gold  nanorod  ( >  20  carbons).  As  a  result,  the 
chiral  moiety  might  have  less  effect  on  the  electron  transitions  of 
the  gold  cores.8 

The  two  azo  thiol  surfactants  exhibited  the  expected  photo- 
responsive  behavior.  For  example,  (R)-(+)-l  underwent  a  fast 
photoisomerization  (ca.  10  s)  from  the  trans  to  the  cis  conforma¬ 
tion  in  CH2C12  upon  irradiation  with  365  nm  light,  evidenced  by 
UY— vis  spectra  change.  Interestingly,  its  CD  spectra  remained 
unchanged  in  this  process  (Figure  9).  However,  when  the  hybrid 
gold  nanorod  solutions  were  exposed  to  UY  light  at  365  nm,  no 
obvious  photoresponsive  behavior  was  observed  in  both  UV  and 
CD  spectra  even  with  a  relatively  long  irradiation  time  (10  min). 
The  reason  could  be  that  the  azobenzene  cores  are  densely  packed 


(45)  Evans,  S.  D.;  Johnson,  S.  R.;  Ringsdorf,  H.;  Williams,  L.  M.;  Wolf,  H. 
Langmuir  1998, 14,  6436-6440. 

(46)  Tamada,  K.;  Nagasawa,  J.;  Nakanishi,  F.;  Abe,  K.;  Ishida,  T.;  Hara,  M.; 
Knoll,  W.  Langmuir  1998,  14,  3264-3271. 


on  a  gold  surface  in  a  similar  manner  to  self-assembled  mono- 
layers  (SAMs);  thus,  the  photoisomerization  is  sterically 
hindered.45-47  Surprisingly,  when  the  solution  of  hybrid  gold 
nanorods  was  irradiated  with  254  nm  light,  the  longitudinal  band 
in  its  UV-vis-NIR  spectra  was  found  to  experience  a  blue  shift 
and  decrease  in  intensity,  and  its  CD  signal  showed  a  tendency  to 
decrease  in  intensity  (Figure  10).  It  is  worth  noting  here  that  the 
gold  nanorod  solution  remained  clear,  and  no  aggregation  was 
observed  during  this  process  and  even  after  several  days,  indicat¬ 
ing  that  the  surfactant  was  still  bound  on  the  gold  surface.  Also, 
the  heat  effect  derived  from  UV  light  can  be  ruled  out,  since 
no  UY— vis-NIR  and  CD  spectra  changes  were  observed  when 
the  solution  of  gold  nanorods  was  heated  at  40  °C  for  10  min.  A 
similar  intensity  decrease  was  observed  in  CD  spectra  of  (R)-(+)-l 
solution  upon  irradiation  at  254  nm,  and  its  UV— vis  spectra  also 
showed  a  slow  isomerization  from  trans  to  cis  form  (Figure  11). 
Undoubtedly,  the  CD  spectra  changes  are  not  related  to  the 
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isomerization  process  evidenced  by  no  CD  changes  being  found  in 
fast  isomerization  upon  irradiation  at  365  nm.  These  results 
showed  that  the  surfactant  on  a  gold  surface  might  experience 
photoracemization  upon  long-term  irradiation  at  254  nm,  which 
caused  the  decrease  of  CD  intensity.48-50  However,  this  mecha¬ 
nism  remains  unclear.  Further  research  is  underway. 

Conclusion 

In  conclusion,  gold  nanorods  respectively  encapsulated  with 
the  two  opposite  chiral  azo  thiol  enantiomers  over  the  entire 
surface  via  the  strong  covalent  Au-S  linkage  were,  for  the  first 
time,  synthesized  and  characterized.  The  resulting  organo- soluble 
gold  nanorods  were  found  to  not  only  be  very  stable  in  both 
organic  media  and  solid  state,  but  also  show  optical  activity.  The 


(48)  Zhang,  M.;  Schuster,  G.  B.  J.  Phvs.  Chem.  1992,  96,  3063-3067. 
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(50)  Flegel,  M.;  Lukeman,  M.;  Wan,  P.  Can.  J.  Chem.  2008,  86,  161-169. 


densely  packed  azobenzene  thiol  monolayer  on  gold  surface 
exhibited  a  photoresponsive  behavior  upon  irradiation  with 
254  nm  light  instead  of  365  nm  light,  which  was  found  to  have 
an  effect  on  plasmonic  absorption  of  gold  nanorods.  The  concept 
demonstrated  here  provides  new  insight  into  tailoring  the  struc¬ 
ture  of  chiral  hybrid  gold  nanorods  with  properties  of  practical 
significance  by  using  functional  chiral  thiol  surfactants. 
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